Aeromonas hydrophila, a gram negative bacterium is a major fish pathogen and causes major economic losses to aquaculture industry. Outer membrane proteins play a significant role in its survival during different environmental conditions and bacterial pathogenesis. The outer membrane protein R (OmpR) is a member of the two-component regulatory system of Aeromonas hydrophila which differentially regulates the expression of OmpF or OmpC depending on the osmolarity conditions. Role of OmpR has been demonstrated in its virulence in other infectious bacteria and it is found to be a potential drug target/vaccine candidate. However, the OmpR of A. hydrophila has not been characterized. In the present study, we report recombinant expression, purification of the OmpR of A. hydrophila strain Ah17 in salt inducible E. coli GJ1158 cells. Leaky expression of rOmpR was confirmed by Western blot analysis using anti-6 × His antibody. The histidine tagged recombinant OmpR (rOmpR) (~29 kDa) was purified using Ni-NTA affinity chromatography from the soluble fraction of induced E. coli cells. The rOmpR was found to be highly immunogenic with end point titres of greater than 1:80,000. The anti-rOmpR antisera were capable of agglutinating live A. hydrophila cells, thus showing vaccine potential of the rOmpR.
Introduction
Aeromonads, a heterogenous group of gram-negative bacteria have been associated with various pathological syndromes in fish, causing a major economic loss to the aquaculture industry [1]- [4] of various species of Aeromonads. Aeromonas hydrophila is of significance as it is one of the major species that infects fresh water fish. The treatment with antibiotics results in antibiotic-resistant strains, and water treatment with chemicals raises a great concern for the residues in the environment and food fish. Therefore, vaccination against infectious agents continues to be one of the most effective methods to control A. hydrophila infection. Till date, no vaccine is available for the treatment of infection against these bacteria. Vaccination strategies in fish farms have mostly involved the use of formalin killed pathogen [5] or live attenuated vaccines. Immunization with polyvalent vaccines, heat-killed and live attenuated Aeromonas hydrophila has been reported [6] - [9] . Biofilm of Aeromonas hydrophila has been shown to offer protection against bacterial challenge [10] . However, studies on immunization with a specific antigen(s) have remained limited to laboratories only. The outer membrane/surface proteins have been considered to be ideal candidates for vaccine development. Recently, recombinant outer membrane proteins OmpTS, OmpA and OmpW of A. hydrophila have been investigated for their immunogenic potential [11] - [13] .
Several outer membrane components have been reported to be associated with the virulence of Aeromonas. The pathogenicity of the bacteria depends on their ability to survive and proliferate in the stressful environmental conditions which may change markedly during invasion of the host cells. Upon infection, bacteria are faced with a change in environmental conditions in the host and the ability of bacterium to survive in the changing environment plays a key role in its pathogenicity. In response to these changing environmental conditions, all bacteria display a complex regulation of gene expression by utilizing the signal transduction system referred to as the two components regulatory system [14] [15] . The OmpF and OmpC are two major porins, constituting ~ 2% of the total cellular protein [16] in the outer membrane of bacteria whose expression is regulated in response to change in the osmolarity by two component regulatory system. The levels of these proteins are regulated by OmpR, a protein of two components regulatory systems [17] .
The role of ompR and ompR-dependent genes in virulence has been well illustrated in Salmonella typhimurium [18] [19] , Shigella flexineri [20] [21] Yersinia enterolitica [22] [23] , and Helicobacter pylori [24] . It has been reported that the combined mutations in OmpF and OmpC result in avirulent S. typhimurium. Immunization with OmpR mutants of S. typhimurium fails to cause any mortality in BALB/c mice after oral challenge [19] . The OmpC protein has been indirectly reported to be involved in the adhesion and invasion of Crohn's disease-associated Escherichia coli strain LF82 [25] . Therefore, these proteins are important candidates for vaccine development. In addition, these proteins are present only in the bacterium and not in their hosts, and therefore can serve as a potential vaccine candidate or drug target for effective drug design. Since purification of the outer membrane protein to homogeneity from the bacteria is cumbersome due to significant similarity in their properties, recombinant route to produce the targeted protein is an attractive alternate. Present investigation reports production of soluble recombinant OmpR of A. hydrophila using heterologous E. coli expression system. The purified recombinant protein is then evaluated for its immunogenicity to assess its vaccine potential.
Materials and Methods

Materials
Expression vector pRSET-A was procured from Invitrogen USA. Reagents required for DNA modification (restriction enzymes and chemicals) were purchased from New England Biolabs, USA and Promega, USA. All other chemicals (analytical grade) used in the study were procured from Sigma-Aldrich Chemical Co., USA, unless otherwise stated. Oligonucleotides and primers used in the present study were synthesized by Microsynth, Switzerland.
Bacterial Strains
Aeromonas hydrophila (strain Ah17) was a kind gift from Dr. I. Karunasagar, College of Fisheries, Mangalore, India [26] . Escherichia coli DH5α and BL21 (λDE3) pLysS were procured from Gibco-BRL, USA and Novagen, USA respectively. E. coli GJ1158 cells were used for recombinant expression of the OmpR [27] .
Cloning of the ompR Gene of A. hydrophila in Expression Vector
The ompR gene of Ah17 along with upstream and downstream region was cloned in PBCKS+ cloning vector [28] . The full length gene encoding mature OmpR of A. hydrophila Ah17 was PCR amplified using pAhOmpR (EMBL acc no. AM084417.1) (Locus CAJ29527.1) [28] as the template and gene specific primers (Forward: 5'-CCGCTCGAGATGCGGATCCTGTTGGTGG-3'; Reverse: 5'-ACCGGTACCTCATGCCCGGCCGTCCCGG CGC-3') containing XhoI and KpnI (in bold letters) in forward and reverse primers, respectively.
Polymerase chain reaction was performed at the following specified conditions: initial denaturation 94˚C for 5 min followed by 25 thermal cycles of denaturation at 94˚C for 45 s; annealing at 53˚C for 30 s, extension at 72˚C for 40 s with a final extension for 7 min at 72˚C. The XhoI-and KpnI-digested amplified OmpR fragment was ligated to pRSET-A prokaryotic expression vector digested with the same enzymes. Putative recombinants were screened using restriction enzyme digestion analysis, and integrity of the OmpR gene was confirmed by automated DNA sequencing (DNA sequencing facility, University of Delhi South campus, New Delhi). The resulting recombinant was designated as pRSETAh.ompR.
Expression and Purification of Recombinant OmpR in E. coli
Initial attempts to express the recombinant OmpR from pRSETAh.ompR in standard E. coli BL21(DE3) cells did not result in any expression. Subsequently, E. coli GJ1158 cells were used for recombinant expression after transformation with the pRSETAh.ompR. E. coli GJ1158 cells harboring the pRSETAh.ompR were induced with the indicated concentrations of NaCl at 0.8 O.D 600nm and expression of the recombinant protein was analyzed at 6 h post-induction by SDS-PAGE (12%) analysis. Optimization of inducer concentration was carried out by inducing the cells with different concentration of NaCl for 4 h. Time of induction was optimized by inducing the cells with optimum NaCl concentration (determined earlier) for different time intervals. Localization analysis of the expressed protein was performed in the induced cell lysates essentially as described earlier [26] . The recombinant OmpR protein harboring the 6 × -histidine tag at the N-terminus (rOmpR) was purified from the soluble fraction under native conditions using Ni 2+ -NTA affinity chromatography. Briefly, LB (100 ml) containing 100 μg/ml ampicillin was inoculated with 1% of O/N grown culture of E. coli GJ1158 cells harboring pRSETAh.ompR and incubated at 37˚C with shaking (200 rpm) till A 600 reached 0.6 -0.8. Induction of expression of the rOmpR was primarily done with 0.75 M NaCl for 6 h at 37˚C. The cells were harvested by centrifugation at 4000 rpm for 10 min at 4˚C. After washing the pellet with Washing Buffer (20 mM Tris-HCl, pH 8.5, 20% Sucrose), cells were lysed with 20 ml of lysis Buffer (20 mM Tris-HCl, pH 8.5, 1 mM EDTA, 1% Triton × 100, 200 μg/ml lysozyme) by stirring vigorously for 10 min at RT. All protein purification steps were performed at 4˚C. Soluble fraction obtained after lysis was collected by centrifugation at 12,000 rpm for 20 min. The rOmpR was purified from the soluble fraction using Ni 2+ NTA affinity chromatography essentially as described [26] Briefly, the rOmpR present in the soluble fraction was incubated with Ni 2+ -NTA slurry at 4˚C for 2 h in binding buffer (5 mM imidazole, 20 mM Tris-HCl pH 7.9, 0.5 M NaCl). Non-specific proteins were removed by washing the resin with 6 volumes of washing buffer (20 mM imidazole, 20 mM Tris-HCl pH 7.9, 0.5 M NaCl). The specifically bound rOmpR was eluted with elution buffer (200 mM imidazole, 20 mM Tris-HCl pH 7.9, 0.5 M NaCl). Different fractions were analyzed by SDS-PAGE. The fractions containing the purified rOmpR were pooled and subjected to dialysis in 20 mM Tris-HCl, pH 7.9 containing 10% glycerol. The purified rOmpR was stored at −20˚C in small aliquots until further use. Protein concentration was determined by the method of Lowry et al. [29] using bovine serum albumin as a standard.
Western Blot Analysis
The authenticity of the induced protein i.e. histidine tagged rOmpR in the induced cell lysates or the purified rOmpR was confirmed by Western blot analysis using anti-His or anti-rOmpR antibodies, respectively, essentially as described earlier [30] . Cell lysates or the rOmpR protein were resolved on 12% SDS-PAG and transferred onto nitrocellulose (NC) membrane. The blot was incubated with 2% BSA in 1 × PBS containing 0.05% Tween 20 (PBST) for 2 h at RT, followed by three subsequent washes with 1 × PBST for 10 min each at RT. The membrane was then incubated with the anti-6 × -His tag antibody (1:10,000) or anti-rOmpR antibody (1:5000) for 1 h, followed by incubation with the alkaline phosphatase conjugated secondary antibody (1:10,000) for 1 h at RT. The membrane was given 3 washes with 1 × PBST between each incubation. The immunoreactive bands were visualized by the Western blue stabilized substrate solution (Promega, USA).
Antibody Generation Against the rOmpR
Female BALB/c mice (4 -6 weeks) were used for immunization to generate polyclonal antibodies against the recombinant protein. The use of animals for the study was approved by the Institutional Animal Ethics Committee and prescribed guidelines by the Institutional Animal Ethics Committee, JNU, New Delhi, India were followed while handling the animals.
Primary immunization was carried out using the rOmpR (20 μg/mouse) emulsified in complete Freund's adjuvant. Booster doses with the same amount of the rOmpR in incomplete Freund's adjuvant were given on day 14, and day 28 of primary immunization. Mice were bled on day 0 (pre-immune sera), and a week after each immunization i.e. on day 21 and day 35. Sera collected prior to immunization served as control pre-immune serum. End-point titers of the antisera were determined using ELISA. Ability of the polyclonal antibodies to specifically recognize the rOmpR was also confirmed by Western blotting.
Enzyme-Linked Immunosorbent Assay to Determine Antibody Titre
The rOmpR (500 ng/100µl/well) in 0.1 M carbonate-bicarbonate buffer, pH 9.8 was used for coating 96-well ELISA plate. After incubation overnight at 4˚C, the plate was washed with 1 × PBST thrice. Blocking was done with 2% BSA made in 1 × PBST (100 µl each well) for 2 h at 37˚C. Different dilutions of anti-sera (primary antibody) prepared in 1 × PBS were added (100 µl/well) and left for 2 h at 37˚C followed by three washes with 1 × PBST (1 × PBS containing 0.05% Tween-20). Alkaline phosphatase-conjugated anti-mice antibody raised in goat (Santacruz, USA) was used at a dilution of 1:10,000 (in 1 × PBS) and incubated for 1 h at 37˚C. The plate was again washed three times with 1 × PBST after every incubation. The substrate p-nitrophenylphosphate [100 µl of 1 mg/ml solution prepared in AP buffer (50 mM Na 2 CO 3 , 1 mM MgCl 2 , pH 9.8)] was added to each well and left for 20 min. The absorbance was read at 450 nm in an ELISA reader (Tecan, USA).
Agglutination Assay
The assay was performed to assess the ability of anti-rOmpR antisera to agglutinate live A. hydrophila cells essentially as described by Yadav et al. [30] . Briefly, A. hydrophila (Ah17) cells were inoculated in LB broth from an overnight culture and grown for 5 -6 h. For agglutination assay, 5 × 10 8 cfu from the log phase culture were taken and agglutination reaction set was made in 1 × PBS containing 1:250 dilution of the anti-rOmpR antisera. Equal numbers of A. hydrophila (Ah17) cells in 1 × PBS, with pre-immune sera, were included in the study as a control. The reaction mix was incubated for 1 h at 37˚C followed by centrifugation at 5,000 rpm for 10 min. The pellet was resuspended in 1 × PBS. The resuspended cells were uniformly smeared on a clean glass slide and dried. The slide was heat fixed by passing through a flame transiently, and stained with methylene blue (SigmaAldrich Chemical Co, USA), followed by washing to remove the excess stain and visualised under microscope (Model Eclipse TE2000S, Nikon, USA).
Results and Discussion
A. hydrophila, a common fish pathogen, is responsible for causing major economic losses to the aquaculture industry. In addition to virulence factors expressed by the bacteria, its ability to adapt to different environments (outside and within the host) plays a critical role in its pathogenicity. This is conferred by the signal transduction system known as two components regulatory system. The OmpR is the key regulator of this system which controls the expression of OmpF and OmpC-the two major porins, differentially expressed under different osmolarity conditions. Role of OmpR and OmpR-dependent genes in bacterial virulence has been elucidated in a number of bacterial species and hence the proteins of this system become a potential drug target or vaccine candidates. We have earlier reported cloning and characterization of the OmpR gene of A. hydrophila [28] and in silico homology modelling of the OmpR of A. hydrophila for structure based drug design. However, for a protein to be evaluated as a vaccine candidate or drug target, large amounts of purified proteins are required. In the present study, we report soluble expression of recombinant OmpR of A. hydrophila and its purification, for evaluation of its immunogenic potential and ability to neutralize A. hydrophila.
Cloning of the ompR Gene in E. coli Expression Vector
Since the OmpR gene reported earlier contained 5'-and 3'-flanking sequences, including the signal sequence [28] , cloning of the gene region encoding the mature OmpR in expression vector was carried out. PCR amplification of the OmpR encoding the mature OmpR resulted in amplification of ~0.7 kb DNA fragment of the expected size. Successful cloning of the PCR amplified fragment after digestion with XhoI and KpnI in pRSETA resulted in in frame cloning, confirmed by DNA sequencing. The ompR gene with a single open reading frame would encode an N-terminal 6 × -Histidine tagged recombinant OmpR of ~29.5 kDa, including the amino acid residues contributed by the vector.
Expression of the rOmpR in GJ1158 Cells
For evaluation as a drug target or a vaccine candidate, the purified protein in its native form is required in large amounts which would not be feasible to purify from their natural source. It is particularly more difficult with reference to membrane proteins due to their similar properties. We have reported large scale purification of OmpF of A. hydrophila, a member of the two component regulatory system [30] . However, the protein expressed as inclusion bodies which adds additional steps for purification and refolding to its native conformation. General strategies to express soluble proteins in standard E. coli expression hosts such as M15, BL21(DE3) etc, involve lowering the concentration of IPTG, induction temperature etc. This slows down the cellular metabolism and cell proliferation. As a result, the yield of soluble protein is often compromised. We have used an alternate E. coli expression host GJ1158 cells, in which the T7 RNA polymerase gene has been placed under the control of osmotically inducible proU promoter of E. coli [27] . These cells allow the use of standard expression plasmid in which the gene to be expressed is put under the control of T7 promoter. Successful expression of the rOmpR was obtained when the E. coli GJ1158 cells harboring the plasmid pRSETAh.ompR were induced with 0.3 M NaCl at 6 h post-induction. An intense band of approximately 29 kDa of the rOmpR was seen in the induced (Figure 1(A) , lane 2) as well as in uninduced cells (Figure 1(A), lane 1) . This could be due to leaky expression of expressed protein in GJ1158 cells as the expression of the recombinant protein is not under as tight a control as seen with inducible promoters such as lac or tac. Since the OmpR homologue is present in E. coli, the protein is native to the host cell and hence leaky expression of the rOmpR would not adversely affect the cellular metabolism of the host cell. Unlike other membrane protein, MerT, which could not be expressed in GJ1158 cells due to expression induced toxicity [31] , OmpR of A. hydrophila could be successfully expressed in these E. coli host cells. Use of NaCl as an inducer has an advantage over IPTG with respect to its low cost and relatively no toxicity. Western blot analysis using anti-His antibodies confirmed the authenticity of the rOmpR as a clear band at the expected position could be observed in the induced cells (Figure 1(B), lane 1) . To obtain maximum expression of rOmpR, cultures induced with different concentrations of NaCl (0.1 M -1 M; Figure 1(C) ) were analysed for the rOmpR expression. As evident from the figure, maximum expression was obtained with 0.75 M NaCl (indicated on top of the panel). Time kinetics of expression revealed maximum expression of the rOmpR at 6 h post-induction (Figure 1(D) ).
Localization and Purification of the rOmpR
Since the rOmpR is being expressed to ultimately evaluate its potential as a drug target or vaccine candidate, it is imperative to have the protein expressed as a soluble protein. Expression of soluble protein facilitates its structural characterization which is necessary for drug designing. Also, the soluble protein in its native form would retain conformational epitopes to bring about effective immune response. Analysis of the soluble and insoluble fractions of the induced cell lysates clearly showed that the rOmpR predominantly expressed in the soluble fraction (Figure 1(E) . lane 1), although little expression could also be seen in the insoluble fraction (Figure 1(E), lane 2) . Soluble expression of the rOmpR was achieved without addition of arginine, which is often used to direct the expression of aggregation-prone recombinant proteins in soluble fraction [32] . Our results are in agreement with Bhandari and Gowrishankar [27] , who clearly demonstrated that induction with NaCl reduced sequestration of the overexpressed recombinant proteins within insoluble inclusion bodies. These authors attributed this to accumulation of glycine betaine, a component of yeast extract, upon osomotic shock with NaCl in GJ1158, which has earlier been reported to alleviate inclusion body formation of overexpressed dimethylallyl pyrophosphate: 5' AMP transferase of agrobacterium [33] . Soluble rOmpR was purified from the soluble fraction of induced cell lysates in a single step Ni 2+ -NTA chromatography. The rOmpR eluted with 200 mM imidazole (Figure 1(E) , lane 3) was purified to near homogeneity (98%) based on the densitometric analysis. Approximately, 20 mg of purified soluble rOmpR could be obtained from 1 liter of culture at shake flask level. Soluble rOmpR thus produced can be used for its structural characterization for effective drug design. Comparative densitometric analysis showed that, ~1.5% -1.8% fold purification has been achieved. This is due to the reason that majority (~80%) of the total protein in the soluble fraction of the induced culture appeared to be recombinant OmpR.
Specificity and Agglutination Ability of Anti-rOmpR Antisera
The outer membrane proteins have been identified as primary targets for vaccine development, as these are exposed on the cell surface and are primary contact molecules with the host cell that is involved in generation of immune response [34] . A number of outer membrane proteins have been shown to be highly immunogenic amongst different bacteria and immunization with these proteins has been reported to confer protection against the bacterial challenge [35]- [39] . Likewise, the rOmpR was found to be highly immunogenic and resulted in generation of efficient immune response (Figure 2(A) ). Significant immune response was observed even after single booster. The anti-rOmpR antisera with the end point titers of ≥80,000 were obtained after first booster, which increased further after second booster. Immunoblot analysis of the induced cell lysates using anti-rOmpR antisera showed that the antisera was able to detect the expressed rOmpR as only a single band at the expected size in the induced cell lysate was observed (Figure 2(B) ). Due to specific interaction of the antisera with the cell membrane, agglutination assays using serum have been routinely used for bacterial cell identification during an infection [40] [41] . Positive and specific agglutination indicates direct interaction of the antibodies present in the antisera with the bacterial cell. Therefore, neutralizing potential of the anti-rOmpR antisera was assessed by agglutination assay using live A. hydrophila cells. While incubation with pre-immune sera did not show any agglutination (Figure 2(C) , panels a and b), the live A. hydrophila incubated with anti-rOmpR antisera resulted in effective clumping of cells (Figure 2(C) panels c and d) . Potential of anti-rOmpR antisera to agglutinate live A. hydrophila cells clearly indicates the neutralizing activity of the antisera and its vaccine potential. Earlier studies from laboratory have demonstrated agglutination ability of the antisera generated against another outer membrane protein of two component regulatory system namely rOmpF [30] . It is possible that immunization with these two proteins i.e. rOmpR and rOmpF would further augment immune response that would be able to curtail Aeromonas infection.
Conclusion
The present studies thus establish soluble expression of rOmpR using NaCl as an inducer which makes the production cost effective in comparison to use of IPTG as an inducer. We also demonstrated immunogenic and vaccine potential of rOmpR of A. hydrophila which can be evaluated further in animals susceptible to A. hydrophila infection followed by challenge studies.
